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Here we model the network of islet cells and examine how uniquely the native network can coordinate phases between insulin and glucagon, and between islets. Then we demonstrate that the native network of the anti-symmetric interactions between islet cells is special for controlling synchronization between islets.
Intra-islet network and glucose homeostasis
Endocrine α, β, and δ cells generate pulses of glucagon, insulin, and somatostatin, respectively.
The spontaneous hormone oscillations can be described by amplitude and phase of a generic oscillator:
 θ nσ = ω nσ − g σ (G)cosθ nσ (2) for the cell type σ ∈ {α, β,δ} in the nth islet. The differential equations generate oscillations with a stationary amplitude r nσ = f σ and an intrinsic phase velocity  θ nσ = ω nσ . We focus on slow hormone oscillation with a period of 1 5 1 ± = − σ ω n minutes (2) . Given amplitude and phase, the hormone secretion from the σ cell in the nth islet is defined as H nσ ≡ r nσ (cosθ nσ +1) , where the phase θ nσ = 0 and π represents maximal and basal secretion, respectively. Note that a unity is introduced to prevent negativity of hormone secretion. The amplitude modulation f σ (G) depends on glucose concentration G . Briefly f α and f β are decreasing and increasing functions for G , since α cells secrete glucagon at low glucose, while β cells secrete insulin at high glucose.
Furthermore, the phase modulation g σ (G) is introduced to consider that the hormone pulses are not pure sine waves. They modulate the duration of active and silent phases depending on glucose concentration [See Section 1 in Supplementary Material for the details of f σ (G) and
Each islet responds to a global glucose concentration G , and secretes hormone accordingly ( 
where λ represents the effectiveness of hormone actions for glucose regulation, and I(t)
represents external glucose inputs reflecting food intake (positive flux) or exercise (negative flux). Finally, we balance the glucagon and insulin action at a normal glucose concentration G 0 .
Given positive/negative glucose inputs I(t) , typical dynamics of glucose and hormones are shown in Fig. 1B . This is a mean field model where each islet does not interact to each other, but total hormones secreted by them affect the glucose, which then affects reversely to each islet.
Thus individual islets interact indirectly through the global glucose. Here the glucose, regulated by the spontaneous hormone oscillations, is also oscillating. The glucose oscillation can contribute to entrain islets to have similar phases, which is called glucose entrainment (13) .
Now we consider the intra-islet interaction between α, β, and δ cells, and their roles for regulating glucose homeostasis. First, by using a complex variable Z nσ ≡ r nσ e iθ nσ , we combine the amplitude and phase dynamics in Eqs.
(1) and (2):  Z nσ = J nσ Z nσ , where
Then, in the presence of the intra-islet interaction, the islet model is written as
where K represents the interaction strength, and adjacent matrix A σσ ' represents interaction signs from σ ' cell to σ cell within each islet. Positive/negative interaction leads the amplitude and phase of σ cell to be close/away to the amplitude and phase of σ ' cell. Ignoring self interactions ( A σσ = 0 ), total 729 (=3 6 ) networks are possible with either positive, none, or negative interaction for each link (Fig. 1C) . Then we conducted the glucose regulation simulations with various glucose stimuli I , and obtained the corresponding glucose level, and glucagon and insulin secretions for all the possible networks (Fig. 1D ). All the networks could reasonably control the glucose stimuli by balancing the antagonistic hormones, glucagon and insulin. Interestingly, the native network 121212 emerges as one of efficient networks that consume hormones minimally for the glucose regulation [See Section 2 in Supplementary
Material for the parameter independence of our conclusion].
Effective networks for minimal hormone consumptions
In the glucose regulation balanced by glucagon and insulin, their wasteful zero-sum is possible. Effective homeostatic networks should tightly regulate glucose levels with small fluctuations by consuming minimal amount of hormones. Among total 729 possible networks, we sorted out the effective networks that consume less amounts of hormones than network 000000 (no interaction between islet cells), and show small glucose fluctuations (δG / G < 0.1) (Fig. 2D) 
Controlling inter-islet synchronization
The effective networks have a special feature of controllable inter-islet synchronization depending on glucose conditions. In contrast, the network 000000 (no interaction between islet cells) has a serious problem that islets are easily entrained to glucose oscillation and synchronized to each other ( Unlike those effective networks, network 000000 has no distinct attractors regardless of glucose conditions (Fig. 3D) , and glucose oscillations can easily entrain islets to be synchronized.
Therefore, we conclude that the inter-islet desynchronization at normal glucose is an active process resistant to glucose entrainment by generating multiple attractors in dynamics. We also confirmed the controllability of inter-islet synchronization in the population model where each islet is composed of populations of islet cells (See Section 6 in Supplementary Material).
Conclusion
Here we have revealed the link between the intra-islet network and the inter-islet synchronization, both of which have been two long-standing puzzles in islet biology. First, the anti-symmetric interactions between α, β, and δ cells are special to prevent the wasteful zero-sum actions of glucagon and insulin for glucose regulation. More importantly, the intra-islet network contributes to control the synchronization between islets in the pancreas. Since human pancreas has several millions of islets, instead of a single gigantic organ like the brain, lung, and heart, the 
Islet model
We describe the detailed islet model in the presence of intra-islet interaction. The amplitude and phase dynamics in Eq. (4) are ,
.
Each cell has heterogeneous intrinsic phase velocities that follows a Gaussian distribution with mean 5 min -1 and standard deviation 0.1 min -1 . The islet model considers amplitude and phase modulations by glucose concentration. First, the amplitude modulation controls glucosedependent hormone secretions of α, β, and δ cells (Fig. S1 ):
,
, Second, the phase modulation controls the duration of active/silent phases in the hormone pulses:
These phase modulations lead α cells to have longer active phases at low glucose ( ) and β and δ to have longer active phases at high glucose ( ). The glucose-dependent pulse shapes
for β cells (Fig. S2 ) are consistent with experimental observations (2) . These descriptions complete the amplitude and phase dynamics in Eq. (4). One technical note is that since the negative amplitude is another approximate solution of Eq. (S1), we avoid the negative amplitude by transforming as and whenever the negative one is confronted in simulations.
Parameter dependence of the islet model
Although we formulate the islet model constrained by experimental observations, we still lack exact information on parameter values. Thus we check their dependences of our conclusions.
Note that our standard parameter values are , , , λ = 1 , and N=200.
(1) Intra-islet coupling strength, Too small cannot distinguish the topological difference between islet-cell networks, while too strong induces strong nonlinear effects on the phase dynamics in Eq. (S2), and perturbs the principal spontaneous oscillations governed by intrinsic frequency . If is sufficiently large
, the native network 121212 shows robust characteristics of small hormone consumption and small glucose fluctuations (Fig. S3) . Considering the minority of δ-cell populations, the value of is expected to be .
Glucose, hormone, and inter-islet synchronization profiles do not depend much on its variations (Fig. S5) . Two extreme networks 120000 and 000202 correspond to the ignorance ( ) and
) of the interactions from δ cells. 
The time delay may have a time scale of 1 minute, considering the circulation time of the blood in the body. Such a short delay does not affect the glucose regulation (Fig. S8) . 
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